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ft Designing Cure Cycles for Matrix/Fiber Composite Parts 

This methodology enables production of void-free laminates. 
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A methodology has been devised for 
designing cure cycles to be used in the 
fabrication of matrix/fiber composite 
parts (including laminated parts). As used 
here, “cure cycles” signifies schedules of 
elevated temperature and pressure as 
functions of time, chosen to obtain de- 
sired rates of chemical conversion of ini- 
tially chemically reactive matrix materials 
and to consolidate the matrix and fiber 
materials into dense solids. Heretofore, 
cure cycles have been designed following 
an empirical, trial-and-error approach, 
which cannot be relied upon to yield opti- 
mum results. In contrast, the present 
methodology makes it possible to design 
an optimum or nearly optimum cure cycle 
for a specific application. 

Proper design of a cure cycle is critical 
for achieving consolidation of a reactive- 
matrix/fiber layup into a void-free lami- 
nate. A cure cycle for a composite con- 
taining a reactive resin matrix usually 
consists of a two-stage ramp-and-hold tem- 
perature profile. The temperature and 
the duration of the hold for each stage are 
unique for a given composite material. 
The first, lower-temperature ramp-and- 
hold stage is called the B stage in compos- 
ite-fabrication terminology. At this stage, 


pressure is not applied, and volatiles (sol- 
vents and reaction by-products) are free 
to escape. The second, higher-tempera- 
ture stage is for final forced consolidation. 

The design of such a cure cycle is not 
trivial. The trial-and-error approach, still 
commonly used in industry, has several 
drawbacks: 

• Extensive experimentation is usually 
necessary for determining the proper 
cure cycle for a given material, 

• A cure cycle found to be satisfactory for 
a given material under one set of con- 
ditions may not apply under a different 
set of conditions, and 

• This approach does not ensure that 
the composite is cured completely 
under the optimal conditions and 
shortest amount of time. 

Therefore, the trial-and-error ap- 
proach is deemed costly, time-consum- 
ing, and inefficient as a means of design- 
ing cure cycles for the production of 
laminates of acceptable quality. 

In order to make a void-free laminate, 
one must design the cure cycle to pro- 
vide for depletion of a sufficient propor- 
tion of volatiles through the B stage, be- 
fore consolidation. However, the 
viscosity of the resin increases during the 


B stage. Therefore, it is necessary to de- 
sign the B stage so that the residual flu- 
idity of the resin after the B stage is suf- 
ficient to enable infiltration of resin 
through fiber bundles during the subse- 
quent pressure consolidation stage. The 
problem of balancing between the resid- 
ual volatile content and the residual flu- 
idity is very complex and unique for a 
given composite system. 

The present methodology is founded on 
a universal “processing science” approach 
in which one uses available analytical 
equipment and techniques to effectively 
measure and logically analyze and design a 
workable cycle for any given unique 
resin/fiber composite. The methodology 
includes a protocol for: 

• Measurements by a thermal gravimet- 
ric analyzer (TGA) to characterize 
mechanisms of depletion of volatiles, 

• Differential scanning calorimetry 
(DSC) to characterize the degrees of 
imidization reactions and some aspects 
of the microstructures of partially 
cured resins, and 

• Melt rheometry to characterize the 
residual fluidity and the temperature 
of onset of gelation of a partially cured 
resin. 


Determine relationship among 
k b and thermal-annealing 
conditions 7 b and t b . 


Select progressively higher k b 
and associated T b and t b . 

Start with 0.5 < k b < 2, and ^ 
then 2 < k b < 3, etc., if 
necessary. 


A workable two-step 
ramp-and-hold cure cycle is 
obtained. It consists of 
f b , t b , and T c > (r„ or T m max , 
whichever is higher. 


* 


Start with specimen that has 
k b < 0.5 specimen after 
annealing at T b and t b . 


Measure the T m max 
by DSC. 


(if any), 



Measure viscoelastic 


Determine 7 r) . 


Yes 


Select P c < 100 psi if r) mjn < 1 0 5 
P or P c < 250 psi if Ti mjn < 1 0 6 P. 


Nomenclature: 

k b = weight percent of residual volatiles after B stage. 
P = poise, a unit of viscosity. 

P c = consolidation pressure. 

T b = B-stage temperature 
t b = duration of B stage. 

T c = consolidation temperature. 

T m max = maximum crystalline melting temperature 

T n = temperature at which minimum viscosity occurs. 
Tlmin = minimum viscosity in P. 


This Flow Diagram represents the iteration scheme of the cure-cycle-design methodology. 
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On the basis of these measurements, 
a workable cure cycle for the subject 
composite system can be readily and 
logically designed. 

This design methodology involves an 
iteration scheme (see figure) for satisfy- 
ing several design criteria to arrive at 
the design cure cycle for any given ther- 
moset-reactive-matrix-resin/fiber com- 
posite system. The number of iterations 
is based upon scientific judgments in- 
stead of empirical reasoning. A work- 
able cure cycle can be established after 
only one iteration if the following crite- 
ria are satisfied: 

• The residual volatile content after the 
B stage is < 0.5 weight percent; 

• The forced-consolidation temperature 
( T c ) exceeds either the maximum crys- 


talline melting temperature ( T m , max ) or 
the temperature at which minimum vis- 
cosity occurs (Tf); and 
• The residual minimum viscosity (r| min ) 
is less than 10 6 poise. 

In the event that r| min exceeds 10 6 
poise, it is necessary to perform a sec- 
ond iteration utilizing a less severe B- 
stage condition. This condition re- 
sults in greater fluidity and greater 
residual volatile content after the B 
stage. Consequently, T| min is reduced 
to < 10 6 poise, making it possible to 
use only moderate pressure for final 
consolidation. Optionally, during the 
second temperature ramp before 
final forced consolidation, the appli- 
cation of pressure can be delayed 
until the temperature reaches T n in 


order to allow for additional deple- 
tion of volatiles. 

The subject resin/fiber composite ma- 
terial is considered unprocessable (in 
that a laminated part made of this mate- 
rial cannot be made free of voids) under 
moderate pressures when the above- 
mentioned criteria cannot be satisfied 
concurrently. It is possible to refine the 
cure cycle by narrowing the B-stage pre- 
treatment conditions in the TGA, DSC, 
and melt-rheometry analyses. 

This work was done by Tan-Hung Hou of 
Langley Research Center. For further in- 
formation, contact the Innovative Partner- 
ships Office, NASA Langley Research Center, 
3 Langley Boulevard, Mail Stop 200, Hamp- 
ton, VA 23681-2199. Tel: (757) 864-3936. 
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